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Introduction
Protein phosphorylation is an important post-translational modification that principally occurs on serine (89%), threonine (10%), and tyrosine (<1%) residues (1) (2) (3) (4) .
With over 100,000 phosphosites reported to date (5) , there is a tremendous need for highly sensitive and specific probes to monitor the phosphorylation of particular residues in proteins during cell growth, differentiation, and disease (6) . One such class of reagents are antibodies, which can be generated by immunizing animals with phosphopeptides; such antibodies have allowed the identification of physiologically important phosphosites, changes in phosphorylation states, and subcellular translocation of particular proteins upon phosphorylation (7) (8) (9) (10) .
While monoclonal and polyclonal antibodies have been historically invaluable to the field of eukaryotic cell signaling, drawbacks include production cost, renewability (11) , and limited control over specificity, which can result in cross-reactive reagents (12) (13) (14) (15) (16) .
One strategy to overcome these limitations is to use recombinant affinity reagents, as they eliminate the need for animals, there is more control in epitope recognition, they are sequenced and renewable reagents and they are amenable to protein engineering (17, 18) . To this extent, several engineered phosphate-binding domains, such as the Src Homology 2 (SH2) domain (19) , a recombinant phosphospecific antibody fragment (20) , the 10 th fibronectin type III domain (10FnIII) (21) , and the Forkhead-associated 1 (FHA) domain (22) , have all been used successfully for generating recombinant affinity reagents to phosphopeptides.
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A major advantage of the FHA domain, compared to other engineered scaffolds, is its natural ability to recognize a phosphothreonine (pThr, pT) residue in a posttranslationally modified protein (23) . Within the FHA domain, there is a pocket that interacts with the γ-methyl group and phosphate of pThr, which allows the domain to discriminate between phosphoserine (pSer) and pThr (24) . Utilizing the domain's natural ability to discriminate between pSer and pThr, the specificity of one particular FHA domain, the FHA1 domain of yeast Rad53 protein, was reengineered through phage display (22) . In this report, we demonstrate that the engineered FHA domains are exquisitely selective in binding pThr-, and not pSer-or phosphotyrosine (pTyr)containing peptides, unlike several polyclonal and monoclonal antibodies tested.
Furthermore, we also show that our library is capable of producing a variant that recognizes a doubly-phosphorylated peptide. In this regard, the FHA domain offers great promise in generating highly specific pThr-binding reagents, a feat not readily achievable through traditional immunological means.
Materials & Methods

Reagents
Peptides were synthesized at University of Illinois at Chicago's Research Resource Center, with > 90% purity. All peptides were biotinylated at their N-terminus and amidated at their C-terminus, and included lysine and tyrosine residues to increase peptide solubility and for measuring absorbance, respectively. The cognate targets for the Myc, ERK1/2, and CaMKII FHA domain affinity reagents are FELLPpTPPLSPS Three commercial anti-phosphopeptide antibodies were compared to the recombinant FHA domains generated in this report. Two were polyclonal antibodies (pAb), pAbαMyc (Abnova, catalog# PAB0541) and pAbαCaMKII (Thermo Scientific, catalog# PA5-35521), and one was a monoclonal antibody (mAb) mAbαERK1-pT202/pY204+ERK2-pT185/pY187 (mAbαERK1/2) (Abcam, catalog# ab136926). As all three are rabbit antibodies, a goat anti-rabbit immunoglobulin G (IgG), conjugated to Horseradish peroxidase (HRP; Abcam, catalog# ab97051), served as the common secondary reagent. Another secondary reagent was the anti-Flag epitope mAb, M2, which was conjugated to HRP (Sigma-Aldrich, catalog# A8592).
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DNA constructs
The coding sequences for individual FHA domains were amplified from virions by the polymerase chain reaction (PCR). The double-stranded DNA product was digested with Nco I and Not I restriction endonucleases and subcloned into the pET29b expression vector. These constructs included a 3XFlag®-tag sequence (DYKDHDGDYKDHDIDYKDDDDK), followed by a His 6 -tag, at the C-terminus of the fusion proteins. All constructs were verified by DNA sequencing.
Protein purification
Overexpression of the constructs and their purification was carried out using standard methods (25) . Briefly, BL21DE3 cells containing the expression vector was grown at 30°C for 24 hours (h) using the Overnight Express™ Autoinduction System 1 (Novagen). Bacterial cells were lysed using a Sonic Dismembrator (Branson Model 500). The lysate was mixed with Clontech His-60 Ni Superflow resin (Clontech Laboratories), and the His 6 -tagged proteins eluted with 50 mM sodium phosphate, 300 mM sodium chloride, 250 mM imidazole (pH 8.0).
Enzyme-linked immunosorbent assays (ELISA)
ELISAs were performed using an established protocol (25) , except that non-specific binding in microtiter plate wells was blocked with 1% casein in phosphate buffered saline (PBS; 137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ).The absorbance was read at 405 nm wavelength in 10 minute (min) intervals, for a total of 8 40 min. All experiments were performed in triplicate, and repeated at least three times to confirm reproducibility of the data.
Results & Discussion
Production of FHA domains by recombinant phage display
Phage display is a powerful technique that allows for the rapid and efficient production of affinity reagents, such as antibodies (26) , without the need to immunize animals (27) . To generate recombinant affinity reagents that are phosphothreoninespecific, a phage display library was constructed by randomizing residues in the β4-β5 and β10-β11 loop regions of a thermostable variant (FHA1G2) of the FHA1 domain of the yeast Rad53 protein (22, 28) ( Fig. 1A) . The library was incubated separately with a variety of phosphothreonine-containing peptides, which were chosen based on the physiological importance of the pThr residue in a eukaryotic signaling pathway, and included protein kinases and transcription factors. After three rounds of affinity selection, individual clones were tested by an enzyme-linked immunosorbent assay (ELISA), and unique clones were identified by DNA sequencing (Fig. 1D ). With biotinylated, phosphorylated forms of the peptides as targets, we were able to produce recombinant affinity reagents in less than two weeks for 9 out of 14 peptide attempted, reflecting a 64% success rate (Table1).
Biochemical and structural studies (29) have revealed that a major determinant of specificity for FHA domains is the +3 position (C-terminal) to the pThr moiety. To date, FHA domains can be categorized into three groups based on their recognition of the pT+3 position -pTxxD, pTxx(I/L), and pTxx(A/S) -with the yeast Rad53 protein FHA1 domain falling into the first category. We also confirmed (see below) this position to be important for binding to our FHA domains. As seen in Table I , we isolated FHA domain variants to peptides with D, L, V, P, S, and W, in the +3 position. We have yet to test phosphothreonine-containing peptides with A, C, Q, E, H, M, F, N, T, and Y at the +3 position.
The five peptides that failed to yield binders included pThr-containing phosphopeptides corresponding to nucleolin (NCL), histone H1, polo-like kinase 1 (PLK1), mitogen-activated protein kinase kinase 2 (MAP2K2), and isoform 1 of epidermal growth factor receptor precursor (EGFR). The inability to isolate FHA1 domains that bound to these particular phosphopeptides was reproducible; their sequences either contained K, R, and G at the +3 position. To our knowledge, an FHA domain that binds to any of these three amino acids at this position has not been observed before in nature. In the future, it will be interesting to see if an FHA domain scaffold can be devised, through directed evolution or computational design that recognizes such residues in the +3 position.
FHA domain variants are phosphorylation-dependent in binding
In order to evaluate the specificity of the isolated FHA variants, their open reading frames (ORFs) were subcloned into an expression vector containing 3XFlag®-and His 6 -tags. The recombinant proteins were purified using immobilized-metal affinity chromatography (IMAC). Each of the variants produced high yields (>150 mg/L) and was shown to be > 95% pure and properly folded by a fluorescence thermal shift assay.
Binding of two variants, FHAαMyc ( Fig. 2A) and FHAαCaMKII (Fig. 2B ), to their cognate phosphorylated targets were assessed by ELISA and compared against commercially available antibodies. The ELISA is an ideal assay to test for peptide binding as it is a sensitive assay format, as compared to western blotting where the peptides are too small to resolve properly by SDS-PAGE. All reagents showed a >1000 fold difference in signal between the phosphorylated and non-phosphorylated peptide targets. These data indicate that binding of all reagents is phosphorylation-dependent.
A major challenge in generating pThr-specific affinity reagents is preventing crossreactivity between peptides that contain pSer or pThr residues, which differ by the γmethyl group. While the FHA1 naturally recognizes a pThr residue on pRad9 (29) , it was uncertain whether the engineered variants would cross-react with pSer-containing versions of the phosphopeptides. To test for specificity, variants of the peptide sequences were synthesized with pSer or pTyr in place of pThr. The cognate target, pSer, pTyr, and unphosphorylated variant peptides were then used as targets in an ELISA (Fig. 3) . Both FHAαMyc and FHAαCaMKII bound to their cognate peptide 100 fold better than phosphopeptides that carried pSer or pTyr in place of the pThr residue.
These data demonstrate that the FHA domain variants are truly pThr-specific.
Soluble forms of the FHA domains were then compared against commercially available monoclonal and polyclonal antibodies to the same targets. Like the FHA variants, all antibodies were shown to be phosphorylation-dependent in binding (Fig. 2 ).
However, in evaluating the commercial antibodies for discrimination between peptides containing pSer, pThr, and pTyr, we observed that the pAbαMyc reagent binds equally well to the phosphopeptide variant containing pSer and pThr, but not pTyr (Fig. 3A) . In contrast, for the polyclonal antibody against the pThr-containing phosphopeptide of CaMKII, we observed that the pAbαCaMKII reagent did not cross-react with the other phosphoresidues ( Fig. 3B ). Without the details of how these two polyclonal antibodies were prepared, it is difficult to speculate why one antibody is more selective than the other. Nevertheless, these data demonstrate that the FHA1 domains are more consistent in discriminating between pThr, pSer, and pTyr than commercial antibodies.
In the FHA1 domain, the β4-β5 and β6-β7 loops create a structural pocket for the γmethyl of the pThr to fill. More specifically, the histidine at position 88 (His88) of the β4-β5 loop interacts with Ser85 (β4-β5), Thr106 (β6-β7), Ile104 (β6-β7), and Gly108 (β6-β7) to create a pocket for the γ-methyl group as well as interacting with the phosphate (Fig. 1B) (24) . Given the structure of the FHA1 domain, and because we have been unable to isolate any variants against pSer-or pTyr-containing peptides, we are confident that FHA domain variants from the library share the same selectivity for pThr.
Thus, one major advantage of the FHA1 domain as a scaffold for recombinant affinity reagent generation is its ability to discriminate between pThr and pSer residues.
Identifying positions important for FHA-peptide interaction
It has previously been reported that a major recognition determinant for naturally occurring FHA domains is the residue at the pT+3 position in the peptide ligand.
Specifically, in the Rad53-FHA1, Arg83 interacts with the Asp in the pT+3 of the pRad9 peptide ligand (Fig. 1C) . To confirm this for the recombinant FHA domain variants, alanine scanning was performed on the peptide ligand for the FHAαMyc domain; each residue from the pT+1 to the pT+4 was substituted to Ala. Two control peptides were used to confirm residue contribution: the first control peptide contains Ala at every position from pT+1 through pT+4 (AAApTAAAA), and the second control peptide contains Ala at positions pT+1, pT+2, and pT+4 with Leu at the +3 position (AAApTAALA). The signals for each phosphopeptide variant was normalized against 13 the truncated cognate sequence (LLPpTPPLS). There was a 45%, 28%, and 20% reduction in signal using the phosphopeptide variants containing the Ala substituted at positions pT+1, pT+2, and pT+4, respectively. A 96% reduction in signal was observed substituting the Leu (pT+3) for Ala ( Fig. 4) . Our findings confirm that the pT+3 position is critical for binding for this FHA domain variant. This is consistent with the previous finding of Pershad et al. (22) , which demonstrated the importance of the pT+3 in the peptide ligand for the FHA domain that binds MAPK3. However, it is likely that other positions in the peptide likely contribute somewhat to binding, as the peptide AAApTAALA does not bind to the same level as the target sequence, LLPpTPPLS.
Identifying the important phosphoresidues for binding in dual-phosphorylated targets
As many proteins are doubly-phosphorylated during signal transduction in eukaryotes, we surveyed the phage-display library for members capable of binding a doubly-phosphorylated peptide target. We selected three proteins, activating transcription factor 2 (ATF2), extracellular signal-regulated kinase1/2 (ERK1/2), and myc, as important biological proteins that are dually phosphorylated, as targets for affinity selection. We were able to isolate FHA domain variants that bind to each of the three peptides. This prompted us to examine how doubly-phosphorylated peptides are recognized by FHA domain variants.
The cognate target for the FHAαERK1/2 variant contains a pThr residue as well as a pTyr residue at the pT+2 position in the peptide sequence, HTGFLpTEpYVATRW.
While both the FHAαERK1/2 variant and monoclonal antibody, mAbαERK1/2, are phosphorylation-dependent in binding this peptide ligand (Fig. 5A) , only the FHAαERK1/2 variant was shown to be pThr-specific, as mAbαERK1/2 bound to peptides with pSer or pTyr residues at position 185/202 (Fig. 5B) . To assess which phosphoresidue is important for phosphospecific reagent binding, variants of the cognate target containing either pThr or pTyr were created. The cognate target, the phosphorylated variants, and an unphosphorylated form of the cognate peptide served as targets in an ELISA (Fig. 5C) . Interestingly, the FHAαERK1/2 variant bound the strongest to the monophosphorylated form of the peptide, HTGFLpTEYVATRW. In contrast, the mAbαERK1/2 bound to the doubly-phosphorylated peptide and nearly as well to the monophosphoryated pTyr peptide (HTGFLTEpYVATRW). Taken together, these data confirm the importance of the pThr and suggests that the pT+2 position contributes to binding to FHA domain for this variant, whereas the most important residue for the mAb-peptide interaction is the pTyr residue.
One can take advantage of the differing specificities of the two classes of affinity reagents to monitor phosphorylation of ERK1/2 in cells. The localization of the ERK1/2 when phosphorylated on Thr(185/202) and Tyr (187/204) is a well described event in the cell that has a range of physiological consequences including activation of transcription factors (30) . Mass spectrometry has confirmed the three different isoforms of ERK1/2(31); however, there are currently no known biological consequences of these phosphorylated forms of ERK1/2.
The in vitro nature of phage display offers the ability to control epitope recognition, unlike immunization. In this way, it would be possible to continue to narrow the specificity of the FHAαERK1/2 through directed evolution experiments so that they only recognize the pThr-only variant target peptide and not the dual-phosphorylated target. Alternatively, it may be possible to evolve a FHA domain that discriminates between the mono-and doubly-phosphorylated targets. The availability of a set of recombinant affinity reagents with this narrow specificity may be useful in revealing a novel physiological aspect of this well-studied protein.
Conclusions
The FHA1 domain has been demonstrated to be an attractive alternative to commercially available antibodies. The domain has the innate ability to bind specifically to pThr, and not to pSer or pTyr, containing peptides. Accordingly, the FHA domain is very selective in binding certain phosphopeptides; our studies also confirms the pT+3 position contributes significantly to binding. It is conceivable that one could create a different FHA domain variant for every potential residue at this position. Thus, the FHA domain offers the potential to be used in a wide variety of biochemical and cellular applications that monitor phosphorylation of threonine residues. The FHAαERK1/2 and mAbαERK1/2 were used in an ELISA to assess pThr-specificity C. Binding of the FHAαERK1/2 and mAbαERK1/2 to ERK1/2 phosphopeptide variants targets. Binding to the preferred target peptide was set to 100% and the phosphopeptide variants were compared against it.
Table 1. A list of FHA variants isolated against phosphothreonine peptides
corresponding to various human cell signaling proteins. The "p" proceeding the "T" indicates the phosphate attached to the T residue (bold). Italicized residues are in the +3 position, where the pT is assigned as the "0" position, and residues N-terminal and C-terminal to the pT are denoted as "-" and "+," respectively. *Previously reported in (22) . Table 1 . A list of FHA variants isolated against phosphothreonine peptides. 
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